mRNA for dopamine 3-hydroxylase [3,4-dihy-droxyphenylethylamine, ascorbate:oxygen oxidoreductase (fl-hydroxylating), EC 1.14.17.1] has been partially purified from poly(A)+ mRNA isolated from a rat pheochromocytoma cell line. Shared antigenic determinants between tyrosine hydroxylase and dopamine f-hydroxylase allowed us to obtain enriched fractions of dopamine 13hydroxylase mRNA by immunoprecipitating translated mRNA products with tyrosine hydroxylase antisera. The enriched dopamine (-hydroxylase mRNA was used to synthesize the corresponding cDNAs, which were then cloned in the Pst I site of pBR322. Recombinant colonies were characterized by an in situ colony immunoassay and hybrid-selected translation. In vitro translation of the mRNA selected from one recombinant clone produced a protein of 75,000 daltons that comigrated with authentic dopamine 3-hydroxylase. Partial proteolysis of both authentic dopamine 3-hydroxylase and the protein encoded by the recombinant clone produced identical peptide patterns.
The catecholamines dopamine, epinephrine, and norepinephrine are formed from their amino acid precursor tyrosine in brain, chromaffin cells,and sympathetic nerves and ganglia. Enzymes involved in this pathway include tyrosine hydroxylase (Tyr-OHase), DOPA decarboxylase, dopamine-,B3hydroxylase [DBH; 3,4-dihydroxyphenylethylamine, ascorbate:oxygen oxidoreductase (3-hydroxylating), EC 1.14.17.1], and phenylethanolamine methyltransferase (PhEtnMeTase) . Although little is known about the cellular and molecular mechanisms governing the long-term regulation of these enzymes, glucocorticoids (1) (2) (3) , neural stimulation (4) , and nerve growth factor (2, (5) (6) can all influence the expression of TyrOHase. Such studies have been facilitated by the development of a rat pheochromocytoma cell line PC 12, which produces relatively large amounts of the catecholamine pathway enzymes (5, 7) .
Preliminary data from Joh et al. (8) suggested considerable homology between TyrOHase, DBH, and PhEtnMeTase based on peptide analysis and antisera crossreactivity. In particular, Joh et al. demonstrated that antibodies raised against TyrOHase precipitated DBH and PhEtnMeTase as well. Peptide mapping by partial proteolysis and gel electrophoresis indicated that DBH, TyrOHase, and PhEtnMeTase had identical peptides in common, but no primary amino acid sequence data has yet been reported. Shared antigenic determinants and peptide patterns not only suggest similar primary structure among these proteins but also structural homologies at the nucleotide level. Such interrelationships might be exploited to isolate specific mRNAs for the catecholamine pathway enzymes. For example, available antisera for one enzyme can be used to purify not just its own mRNA but also a crossreacting enzyme's mRNA. This can be achieved by translating fractionated mRNAs in an in vitro protein-translating system and identifying the products by immunoprecipitation with the crossreacting antisera. The mRNA fraction enriched in the species of interest can then be used to prepare complementary DNA clones encoding the crossreacting protein.
We have used such a scheme to isolate mRNA from the PC 12 clonal cell line and have used TyrOHase antisera for the cloning and screening procedure by which a DBH clone was selected. We made positive identification of the cDNA clone by its ability to selectively hybridize with DBH mRNA. Purified DBH was provided by S. Watson, University of Chicago. TyrOHase was purified from rat pheochromocytoma (9) , and specific antibodies were raised against the enzyme. Antibody specificity against TyrOHase was established by immunoelectrophoresis, and localization of TyrOHase was established by immunohistochemistry in catecholamine-containing neurons in rat brain (unpublished data). The rat pheochromocytoma cell line PC 12 was supplied by E. Shooter, Stanford University. Cell lines were maintained in Dulbecco's modified Eagle's tissue culture medium supplemented with 5% horse serum and 10% fetal calf serum. Cultures were maintained in 12% C02/88% 02 at 370C. Cultures were stimulated by the addition of dexamethasone to the medium at 10 ,uM final concentration. Fresh medium and dexamethasone were added daily. Cells were harvested after 3 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
METHODS
tions were assayed for DBH mRNA by in vitro translation with a rabbit reticulocyte lysate system (11) . Labeled translation products were immunoprecipitated (12) , electrophoresed on NaDodSO4 gels (13) , and fluorographed (14) . Construction of cDNA Clones. Sucrose gradient fractions containing maximum DBH mRNA activity were pooled, and the mRNA was used for the synthesis of double-stranded cDNA by the procedure of Land et al. (15) . After a dCTP-tailing step, the double-stranded cDNA was hybridized to pBR322 tailed with dGTP at the Pst I site. The inserted plasmid was used to transform Escherichia coli C600rk mk . Ampicillin-sensitive, tetracycline-resistant clones were transferred to nitrocellulose filters on agar plates. All recombinant DNA procedures followed the pertinent National Institutes of Health guidelines.
In Situ Colony Immunoassay. Colonies grown on nitrocellulose filters were prepared for colony immunoassay essentially as described by Kemp and Cowman (16) . Bacterial colonies were lysed in situ, and proteins were bound to activated CNBr paper (17) . Covalently bound antigens were detected by incubating with antisera followed by '25I-labeled protein A from S. aureus. In order to remove antibacterial antibodies, rabbit TyrOHase antiserum was passed over a column of E. coli C600/pBR322 protein extract bound to a CNBr-Sepharose 4B column (18). S. aureus protein A was iodinated with '25I-labeled Bolton-Hunter reagent (19) to a specific activity of 1 X 107 cpm/,ug.
Positive mRNA Selection. Plasmid DNA was isolated from immunoreactive clones, CsCl-purified, and bound to nitrocellulose filters by modifications of the method of Ricciardi et al. (20) . Plasmid DNA (10 ,ug) was denatured in 2 M NaCl/0.2 M NaOH, briefly heated at 90°C, chilled, and immediately loaded onto nitrocellulose filters. Prior to loading the DNA, filters were (shown x 10-3) was calculated by reference to the mobilities of standard proteins: phosphorylase b (92,000), bovine serum albumin (68,000), ovalbumin (45,000), and carbonic anhydrase (31,000). wetted with 0.3 M NaCl/2 mM EDTA/0.1% NaDodSO4/10 mM Tris, pH 7.5/0.1% diethyl pyrocarbonate. After DNA application, the filters were baked for 2 hr at 80°C in a vacuum oven. Filters were again wetted in the filter binding solution and allowed to air dry. Total mRNA prepared from dexamethasone-treated cells was hybridized to the filter-bound DNA in 30% formamide/500 mM NaCl/2 mM EDTA/50 mM Pipes, pH 7.5/0.5% NaDodSO4. Hybridization continued for 16 hr at 42°C. Nonspecific RNA bound to the filters was removed by extensive washes in 75 mM NaCl/7.5 mM Na citrate at 42°C. Hybridized RNA was eluted by boiling the filters for 1 min in 300 1,l of sterile H20. Eluted RNAs were precipitated with ethanol, dried, resuspended in 2 ,ul of H20, and translated as described.
Peptide Mapping by Partial Proteolytic Digestion of Authentic DBH. The [3S]methionine-labeled protein was synthesized in vitro from mRNA that had been eluted after filter hybridization to a putative DBH cDNA clone. The radiolabeled protein band was cut out of the NaDodSO4 gel and placed in the sample well of a second NaDodSO4 gel. Partial proteolytic digestion of both the translated protein and of authentic DBH was performed as described by Cleveland et al. (21) with S. aureus V8 protease. Peptide patterns were revealed by the silver staining procedure described by Oakley et al. (22) followed by autoradiography.
RESULTS
Total poly(A)+ mRNA was prepared from dexamethasone-stimulated PC 12 cells and translated in vitro in the rabbit reticulocyte system. Translation products were immunoprecipitated with a rabbit serum directed against rat pheochromocytoma TyrOHase. Analysis of the translation pattern indicated a major band at 60,000 daltons corresponding to the subunit molecular weight of TyrOHase (3) and a 75,000-dalton protein corre- sponding to the subunit molecular weight of DBH (23) (Fig. 1) . One hundred micrograms of poly(A)+ mRNA was then fractionated on a 5-20% sucrose gradient. An aliquot of each fraction was translated in vitro, and fractions 6 and 7, enriched in DBH mRNA activity, were pooled (Fig. 2) . Analysis of the optical density profile (data not shown) indicated that these fractions were somewhat larger than the 18S peak.
Molecular Cloning of the cDNA for DBH. Enriched mRNA (15 ug) was transcribed into cDNA; subsequently double strands were formed and inserted into the Pst I site of pBR322 by the d(G&C)n-tailing method. Five hundred tetracycline-resistant, ampicillin-sensitive clones were obtained.
Transformants were picked onto nitrocellulose filters, grown overnight, and then lysed on gauze pads saturated with 0.1 M NaHCO3/1% Triton X-100/2 mg of lysozyme per ml in an atmosphere saturated with CHC13. Filters were subsequently placed on gauze pads saturated with 0.1 M NaHCO3/0. 1% Tri- ton X-100 and then onto filter paper soaked in the same buffer. Activated CNBr paper that had been dampened with binding buffer was placed over the lysed colonies, and antigen binding was carried out for 4 hr at 40C.
Remaining functional groups on the paper were then blocked with 1 M ethanolamine, pH 9.0, for 1 hr at room temperature. Treatment with 2% glycine as suggested by Kemp and Cowman (16) proved insufficient in our hands to prevent high filter backgrounds after autoradiography. After inactivation, immobilized proteins were allowed to react with pretreated TyrOHase antisera. Without removing antibacterial antibodies, all colonies appeared to give a positive signal. Similarly, the appropriate dilution of antisera was necessary to prevent filter backgrounds from obscuring positive signals. A dilution of 1:300 of the presorbed antibody was used in all experiments shown.
Of the 500 colonies, 12 gave a positive signal of varying intensity ( Fig. 3 ). From these 12 colonies, 3 gave a strong positive signal in each of four experiments, 6 had weaker signals in all experiments, and 3 failed to immunoreact in subsequent experiments. All of the immunoreactive clones could be displaced by sera presorbed with native TyrOHase, indicating the reaction was specific for this enzyme or crossreacting species, or both.
Analysis ofplasmid DNA from the nine immunoreactive clones indicated that all nine were different based on restriction endonuclease digestions. Insert size of the immunoreactive clones ranged from 300 base pairs to 3.5 kilobases, with an average size of 500 base pairs. With the exception of the 3.5-kilobase transformant, the remaining clones would not be long enough to code for a subunit of either TyrOHase or DBH. Apparently, even a short insert sequence covalently linked to the E. coli ( CsCl-purifled plasmid DNA was denatured and bound to nitrocellulose filters. Filters were hybridized with total PC 12 RNA. RNA bound to the filters was eluted thermally and subsequently analyzed by cell-free translation.
[3S]Methionine translation products were separated by electrophoresis on NaDodSO4 gels and autoradiographed. Lanes: 1, translation products of total PC 12 RNA; 2, products immunoprecipitated with TyrOHase antisera; 3, immunoprecipitation of the translated product synthesized with RNA selected by pDBH-1; 4, total translation products; 5, total translation products when no RNA was added to the system; 6, authentic DBH (25 pg) stained with Coomassie blue. Biochemistry: O'Malley et al.
lactamase gene produces enough of the fused polypeptide to be detected, at least by a polyvalent antibody.
Filter Hybridization and Translation. The plasmids from the nine immunoreactive clones were individually purified and used to select complementary RNA in the filter hybridization-positive selection procedure. Selected RNAs were translated in vitro in the rabbit reticulocyte system; translated products were displayed on NaDodSO4 polyacrylamide gels. From the nine clones, RNA selected from one revealed a unique band of 75,000 daltons (Fig. 4) . This protein which could be immunoprecipitated with TyrOHase antisera comigrated with authentic DBH. This plasmid contained an insert of 330 base pairs and was designated pDBH-1.
Peptide Mapping of the Protein Encoded by pDBH-1 and Native DBH. In order to unequivocally identify this clone as containing nucleotide sequences specific for DBH, we analyzed peptide patterns obtained from the protein encoded by pDBH-1. The [35S]methionine-labeled protein obtained from the positive selection procedure was removed from the gel and subjected to partial proteolysis with S. aureus V8 protease. Simultaneously we digested a sample of authentic DBH that had similarly been cut out of a NaDodSO4 gel. Digestion products were displayed on 15% NaDodSO4 gels that had been stained with silver. After autoradiography, methionine-labeled bands were compared with those generated by the partial proteolysis of the authentic protein. As seen in Fig. 5 , the labeled pattern corresponded with that of the authentic DBH. To verify this result, gel slices from the translated protein and authentic DBH were incubated also with "I in order to label all of the peptides, not just those containing methionine groups. Again, in this experiment, all of the labeled bands observed in the authentic DBH peptide pattern matched those of the plasmidspecific protein. In the latter case, additional bands also were observed, presumably corresponding to a comigrating reticulocyte lysate protein (data not shown). Peptide mapping of authentic DBH and the translated product obtained from RNA selected by pDBH-1. Peptide mapping was done with gel slices obtained from the electrophoresis of either authentic DBH (25 ,ug) or the translated product from RNA selected by pDBH-1. Samples were incubated with 1 ,ug of V8 protease in a 4-cm stacking gel prior to resolution in a 15% NaDodSO4/polyacrylamide gel. One experiment (lanes 1-3) shows the silver-stained peptide patterns from one gel slice of authentic DBH (lane 1) and one gel slice of the hybrid-selected translation product (lane 2); lane 3 shows the [35S]methionine pattern of lane 2 after 2 wk of autoradiographic exposure. In another experiment (lanes 4 and 5), five gel slices of the hybridselected translation product and one gel slice of the authentic DBH were incubated with 5 ,ug of V8 protease. By increasing the amount of the translated product of pDBH-1, silver staining alone was sufficient to demonstrate the similarity in banding patterns of authentic DBH (lane 5) and the hybrid-selected product (lane 4).
DISCUSSION
What appear to be shared antigenic sites of the catecholamine pathway enzymes enabled us to obtain from PC 12 cells a messenger RNA fraction enriched for DBH mRNA by using TyrOHase antiserum. The enriched DBH mRNA was then used to prepare a complementary DNA library from which a DBH cDNA clone was isolated. In the absence of a reported amino acid sequence for DBH, the following criteria were used to establish the identity of the DBH clone. (i) Clones were picked that synthesized peptides crossreacting with TyrOHase antiserum. Fused polypeptides from expressing transformants could be displaced by using antiserum presorbed with native TyrOHase. (ii) One such clone selected a mRNA that, when translated in vitro, formed a protein of 75,000 daltons, the size of DBH. (iii) The translated protein could be immunoprecipitated with TyrOHase antiserum and comigrated with authentic DBH. (iv) Partial proteolysis of both authentic DBH and the protein encoded by pDBH-1 produced identical peptide patterns.
The results described here demonstrate the effectiveness of the colony immunoassay procedure. A general disadvantage of the method is that only one in six clones would contain an insert in the right orientation and reading frame to code for a fused polypeptide. However, enriching for the desired messenger population, inserting double-stranded cDNA as close to the full length as possible, and screening additional transformants would increase the chances of detecting an expressing transformant. Kemp and Cowman (16) detected even greater proportions of positive transformants when full-length inserts were screened by colony immunoassay, probably due to peptide initiation within the insert itself (24, 25) . But as demonstrated in the case of pDBH-1, even small inserts can generate a fused peptide carrying immunoreactive determinants.
As with all immunological procedures, antibody specificity is crucial. Of the other eight immunoreactive clones described here, two proved to be clones of a noncatecholamine-related protein slightly recognized by the TyrOHase antibody. Affinitypurified antibodies should increase sensitivity further and minimize selection of false positives.
This raises another issue. Although the preliminary data of Joh et al. (8) suggests that the catecholamine biosynthetic enzymes, TyrOHase, DBH, and PhEtnMeTase share antigenic determinants, it is also possible that the antigens used to generate antisera are cross-contaminated because the antigens are derived from tissues in which all three enzymes are present.
The availability of a rat cDNA probe for DBH will allow investigation of the transcriptional regulation of the DBH gene in the PC 12 cell line. The clonal cell line not only possesses the highly differentiated properties of typical adrenergic cells but also exhibits responses typical of early cells in the neural crest (5, 6) . As such, the PC 12 cell line should be a good model for additional studies examining mechanisms responsible for differentiation of the neural crest in vivo.
Recently, it has been reported that rat cDNA clone for TyrOHase cross-hybridized with mRNA from human tissue (26) . Presumably, this also will be true for DBH, so that the rat cDNA clone could be used to identify corresponding sequences in clones from a human genomic DNA library. Then human probes could be used to investigate atypical catecholamine function at the molecular level in humans.
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